Abstract: Ecological balance and biodiversity of the alpine forest is endangered by global and local climatic extremes. It spurs a need for comprehensive forest monitoring, including in depth analyses of drought impact on the alpine woodland ecosystems. Addressing an arising knowledge gap, we identified and analyzed 2002-2012 aridity related responses within the alpine mountain forest of South Tyrol. The study exploited a S-mode PCA (Principal Component Analysis) based synergy between meteorological conditions rendered by the scPDSI (self-calibrated Palmer Drought Severity Index) and forest status approximated through MODIS (Moderate Resolution Imaging Spectroradiometer) derived NDVI (Normalized Difference Vegetation Index) and NDII7 (Normalized Difference Infrared Index based on MODIS band 7) time series. Besides characterizing predominant forest temporal response to drought, we identified corresponding spatial footprints of drought impact, as well as examined aridity-related changes in forest phenology and biomass production. The latter was further evaluated in relation to forest type, elevation, aspect and slope. Recognized meteorological conditions highlighted: prolonged 2003-2007 mild to extreme drought, and overall regional drying tendencies. Arising remotely sensed forest responses accounted on localized decline in foliage water content and/or photosynthetic activity, but also indicated regions where forest condition improved despite the meteorological stress. Perceived variability in the forest response to drought conditions was governed by geographic location, species structure, elevation and exposition, and featured complexity of the alpine forest ecosystem. Among the inspected biophysical factors elevation had the strongest influence on forest phenology and green biomass production under meteorological stress conditions. Stands growing above 1400 m a.s.l. demonstrated initial increase in annual biomass growth at the beginning of the dry spell in 2003. Conversely, woodlands at lower altitudes comprising considerable share of hardwood species were more prone to biomass decline in 2003, but experienced an overall upturn in biomass production during the following years of the dry spell. Aspect showed moderate effect on drought-related phenology and green biomass production responses. Diverse forest ecosystem responses identified in this study were in line with known local and regional analyses, but also shed some new light on drought induced alternation of forest status.
(MIR: 2.105-2.155 µm) and QA (Quality Assessment denoting overall pixel reliability) information were extracted. NDII7 datasets were next computed following the formula: NDII7 = (NIR − MIR)/(NIR + MIR) (1) Application of both indices was motivated by a desire to independently inspect drought impact on forest canopy photosynthesis activity, and foliage water content. All NDVI and NDII7 images were subsequently evaluated against QA. Pixels with the QA-usefulness values below acceptable [61] as well as outliers (confidence level 0.95 according to Chebyshev's Theorem) were linearly interpolated in the time domain. The process was performed in the TimeStats Software Tool [62] and addressed time-gaps not longer than a single observation. This condition allowed to substitute missing or corrupted observations, but at the same time limited amount of factitious values. As a result, 385 out of 52,394 pixels within the forest mask (Section 2.4) had incomplete 2001-2013 NDII7 time series and were excluded from further analyses. Spatial coverage of NDVI time series was not affected (information on number of forest pixels that underwent interpolation for NDVI and NDII7 time series is presented in Tables S1 and S2, respectively). Data preprocessing of both time series was concluded with the sensor degradation adjustment [63] .
Phenology and Green Biomass Production Measures
Yearly, pixel-based phenology and green biomass production measures were derived from the MODIS based complete 2001-2013 16-day NDVI time series using the Phenolo software (for a description see [47] ). NDVI data were selected here due to robust seasonality of the signal directly associated with the plant 'greenness' [41] . The focus was given to two vegetation productivity metrics: Cyclic Fraction (CF, an approximation of annual seasonal growth), and approximation of Gross Primary Production (GPP, estimated as the integral value of the annual growing season); as well as two season information parameters: Season Length (SL) and Season Begin Day (SBD). All metrics together extensively characterize year-to-year vegetation variability [47, 64] . Since the Phenolo algorithm is based on the moving average approach [48] , resulting time series comprised parameters only for the 2002-2012 period.
Ancillary Datasets
Information on forest distribution and forest type within South Tyrol were adopted from the core forest products of the FP7 geoland2 project (EL-04a and EL-04b; [65] ). Data gaps present in the dataset and being an effect of cloud cover and topographic shadowing (162 km 2 in total) were filled in with information from the CORINE Land Cover 2006 dataset [66] . An upscaling from 20 m to 250 m was achieved through spatial averaging, with a threshold of 50% set as a minimum forest cover within each aggregated 250 × 250 m pixel.
A digital elevation model of the whole South Tyrol was provided by the Autonomous Province of Bolzano. In order to adjust the DEM from the original 2.5 m resolution to the MODIS pixel size, a bilinear convolution was applied. Additional layers of slope (in degrees) and aspect (4 expositions) were derived directly from the reprojected DEM using the ArcGIS 10.1 software [67] .
Identification of Drought Impact in Alpine Mountain Forest
Temporal variability of forest status under drought conditions was analyzed using the S-mode PCA. The PCA decomposition investigates inter-relationship within a dataset identifying a dominant temporal variability of its elements. Being a statistical method, physical meaning of PCA results should be evaluated against known or expected variability or process [68] . Following findings from [60] , NDVI and NDII7 time series were z-score normalized from a composite mean, and truncated to annual vegetation season time-windows corresponding with a period between April and mid October. Each resulting time series (nNDVI and nNDII7, respectively) was introduced into the covariance-matrix S-mode PCA under the forest mask. The first four PCs obtained for each setup were cross-correlated with the scPDSI temporal patterns, the latter approximating regional meteorological drought conditions. Due to a mismatch in temporal resolution of both datasets (vegetation season vs. complete year, and 16-day vs. month, respectively), correlation was performed for yearly averages. A visual comparison between temporal pattern complemented the statistics [60] and allowed to determine NDVI and NDII7 based PCs with the strongest linear relation to identified meteorological drought conditions, hence representing forest response to drought. Selected PCs were subsequently correlated (pixel based Pearson's correlation) with their respective vegetation index time-series, resulting in a correlation map (as many maps as PCs selected). These correlation maps can be understood as drought footprints, i.e., the spatial representations of the temporal variability [68] . Each correlation map was classified into three impact classes using the 5th and 95th percentiles of the correlation values distribution. Impact class 1 (0-5th percentile) comprised the most negative, whereas impact class 3 (95-100th percentile) the most positive Pearson's correlation values. These were interpreted as forest stands responding respectively in contradiction and in agreement with the specific drought temporal variability. Changes in forest phenology and green biomass production within two contrasting response classes were compared for each footprint. Only pixels with a correlation significance level p < 0.1 were considered during analyses.
Drought Impact Analysis
Further analyses, performed only for forest areas showing the strongest positive and negative linear relations to identified meteorological drought conditions, addressed influence of local biophysical conditions on forest phenology and canopy green biomass production under drought impact. Selected regions were subjected to repeated measures ANOVA (Analysis of Variance) accounting on 4 multi-level environmental factors of:
• forest type (3 levels: coniferous, mixed, broadleaved); • elevation (4 levels: 0-700 m a.s.l., 700-1400 m a.s.l., 1400-2100 m a.s.l., 2100-2500 m a.s.l.; elevation stratification after [12] ); • exposition (4 Repeated measures ANOVA models were run separately for 4 dependent variables of CF, GPP, SL and SBD. The Hujnh-Feldt adjustment was used for all ANOVA runs due to violated sphericity assumption.
Results

Drought Conditions
A synthesis of regional meteorological conditions was determined using the S-mode PCA run on a merged 2001-2012 monthly scPDSI time-series calculated for 26 point locations. As discussed in [60] , the first PC (1scPDSI, Figure 1a correspond with panels (a-d), and accounted for 63%, 9.95%, 7.36% and 5.61% of the total scPDSI data variance, respectively. Middle row: changes in forest canopy photosynthetic activity ('greenness') rendered in the first four PCs from covariance-matrix based PCA of the nNDVI (z-score normalized vegetation season NDVI) time series. PCs are presented in increasing order on panels (e-h). They explained 15.25%, 5.65%, 3.37% and 2.28% of the total nNDVI time series variance, respectively. Bottom row: variability in forest canopy foliage water content captured in the first four PCs of covariance-matrix based PCA of the nNDII7 (z-score normalized vegetation season NDII7) time series. Panels (i-l) depict PCs 1st to 4th that accounted for 11.98%, 3.39%, 2.23% and 1.66% of the total nNDII7 time series variance, respectively. Figure modified from [60] .
Forest Temporal Response to Drought Conditions
The PCA run for the nNDVI dataset resulted in the second and third PCs (2nNDVI and 3nNDVI, respectively; Figure 1f ,g) showing statistically significant linear relation to the identified drought conditions (Table 1 , p < 0.05). The 2nd PC, despite a sound correlation with the 1scPDSI and 2scPDSI, revealed strong variation of the score that impeached its physical meaning. The 3nNDVI revealed an abrupt upturn of photosynthetic activity of forest ecosystem in 2003. This anomaly was followed by a gradual decrease of the score, well corresponding to the enhanced drought intensity and increasing aridity trend. Complementary visual evaluation suggested the 3rd PC to render a physically meaningful changes in forest canopy photosynthetic activity related to drought conditions. , and accounted for 63%, 9.95%, 7.36% and 5.61% of the total scPDSI data variance, respectively. Middle row: changes in forest canopy photosynthetic activity ('greenness') rendered in the first four PCs from covariance-matrix based PCA of the nNDVI (z-score normalized vegetation season NDVI) time series. PCs are presented in increasing order on panels (e-h). They explained 15.25%, 5.65%, 3.37% and 2.28% of the total nNDVI time series variance, respectively. Bottom row: variability in forest canopy foliage water content captured in the first four PCs of covariance-matrix based PCA of the nNDII7 (z-score normalized vegetation season NDII7) time series. Panels (i-l) depict PCs 1st to 4th that accounted for 11.98%, 3.39%, 2.23% and 1.66% of the total nNDII7 time series variance, respectively. 
The PCA run for the nNDVI dataset resulted in the second and third PCs (2nNDVI and 3nNDVI, respectively; Figure 1f ,g) showing statistically significant linear relation to the identified drought conditions (Table 1 , p < 0.05). The 2nd PC, despite a sound correlation with the 1scPDSI and 2scPDSI, revealed strong variation of the score that impeached its physical meaning. The 3nNDVI revealed an abrupt upturn of photosynthetic activity of forest ecosystem in 2003. This anomaly was followed by a gradual decrease of the score, well corresponding to the enhanced drought intensity and increasing aridity trend. Complementary visual evaluation suggested the 3rd PC to render a physically meaningful changes in forest canopy photosynthetic activity related to drought conditions. Analysis based on the nNDII7 time series revealed in the first and fourth PCs (1nNDII7 and 4nNDII7, respectively; Figure 1i (Table 1 , p < 0.05). Both principal components depicted increase in canopy water content after 2008, which is congruent with a retreat of drought conditions. Progressing aridity in the region was indicated by a significant correlation between the 4nNDII7 and 4scPDSI (Table 1 ). Since the 1nNDII7 did not render a decrease in vegetation vigor related to the drought inception in 2003, the 4nNDII7 was recognized to have a stronger physical meaning of drought impact on canopy water content within forest ecosystem.
Forest Spatial Response to Meteorological Drought Conditions
The and in the east-most part of South Tyrol (Pustertal). It was more common on west and south facing slopes of mid to high altitudes and low to moderate inclination (Table 2) . Analysis based on the nNDII7 time series revealed in the first and fourth PCs (1nNDII7 and 4nNDII7, respectively; Figure 1i Table 1 , p < 0.05). Both principal components depicted increase in canopy water content after 2008, which is congruent with a retreat of drought conditions. Progressing aridity in the region was indicated by a significant correlation between the 4nNDII7 and 4scPDSI (Table 1 ). Since the 1nNDII7 did not render a decrease in vegetation vigor related to the drought inception in 2003, the 4nNDII7 was recognized to have a stronger physical meaning of drought impact on canopy water content within forest ecosystem.
The The gradual decrease of forest 'greenness' captured by the 3nNDVI and associated with increasing aridity of local climate, was mostly seen in coniferous forest (Table 2 ) on north exposed sites in the central-north and west parts of South Tyrol (Figure 2, class 3 , correlation values range 0.284 to 0.600). Indicated stands were the most common at medium to high altitudes with a clear The gradual decrease of forest 'greenness' captured by the 3nNDVI and associated with increasing aridity of local climate, was mostly seen in coniferous forest (Table 2 ) on north exposed sites in the central-north and west parts of South Tyrol (Figure 2, class 3 , correlation values range 0.284 to 0.600). Indicated stands were the most common at medium to high altitudes with a clear preference for 1400-2100 m a.s.l. elevation and moderate slopes ( Table 2 ). The reverse response revealing a NDVI drop in 2003 followed by a gradual increase of forest photosynthetic activity (Figure 2 , class 1, correlation values range −0.632 to −0.316) was the most frequent in the Eisack Valley. It was observed mainly for coniferous stands and mixed forest ( Table 2 ) at south and east exposed slopes. Medium elevation range (700-1600 m a.s.l.) and moderate inclination (20-30 deg.) were the most common among regions associated with this response. Table 2 . Drought footprints of the 4nNDII7 and 3nNDVI PCs (Figure 2a ,b, respectively), inspected within four multilevel environmental factors of forest type, elevation, exposition and aspect. Class 3 denotes regions with the strongest positive, whereas class 1 the strongest negative fit to the respective PCs depicted in Figure 1g, Table A2 .
A subsequent inspection of forest phenology and green biomass production in relation to site-specific environmental conditions showed considerable variation ( . Significance of class-dependent year-to-year differences was assessed with ANOVA model and is given in Table A2 .
A subsequent inspection of forest phenology and green biomass production in relation to site-specific environmental conditions showed considerable variation ( Significance of class-dependent year-to-year differences was assessed with ANOVA model and is given in Table A2 .
A subsequent inspection of forest phenology and green biomass production in relation to site-specific environmental conditions showed considerable variation ( A comparison among forest types was not performed due to insufficient representation of broadleaved and mixed woodland ( Table 2) . Role of inclination in governing forest status under drought conditions was limited and is briefly discussed in Appendix A.1.
Forest rendering elevated canopy water content, associated with the 4nNDII7 drought impact class 1, revealed higher green biomass production as well as on average 28.9 days longer vegetation season (Figure 3b Restricted representation of broadleaved and mixed forest stands (Table 2 ) inhibited forest type specific analyses. Slope demonstrated limited influence on forest phenology and green biomass production. Relevant results are presented in Appendix A.1. A comparison among forest types was not performed due to insufficient representation of broadleaved and mixed woodland ( Table 2) . Role of inclination in governing forest status under drought conditions was limited and is briefly discussed in Appendix A.1.
Forest rendering elevated canopy water content, associated with the 4nNDII7 drought impact class 1, revealed higher green biomass production as well as on average 28.9 days longer vegetation season (Figure 3b Restricted representation of broadleaved and mixed forest stands (Table 2 ) inhibited forest type specific analyses. Slope demonstrated limited influence on forest phenology and green biomass production. Relevant results are presented in Appendix A.1. 
Changes in Forest Canopy Photosynthetic Activity-3nNDVI PC
Identified through the 3nNDVI PC divergent trends in photosynthetic activity of forest canopy were complementary to significant differences in forest phenology and green biomass production (Table A3, Figure 6 ). Stands experiencing the decline in forest 'greenness' (class 3) were characterized by low, but overall increasing CF with two intense gains in 2003 and 2009 (Figure 6a ). Coupled GPP development (Figure 6b) accounted on a massive upturn in 2003, followed by an equally strong drop, and a subsequent intense variability in biomass levels between 2006 and 2012. SBD varied greatly over the whole observation period, and showed no clear change tendency (Figure 6c) . Simultaneously, gradual SL prolongation was observed (Figure 6d ). Drought ingress in 2003 was aligned with sooner SBD and longer growing season.
Identified through the 3nNDVI PC divergent trends in photosynthetic activity of forest canopy were complementary to significant differences in forest phenology and green biomass production (Table B1, Figure 6 ). Stands experiencing the decline in forest 'greenness' (class 3) were characterized by low, but overall increasing CF with two intense gains in 2003 and 2009 (Figure 6a ). Coupled GPP development (Figure 6b) accounted on a massive upturn in 2003, followed by an equally strong drop, and a subsequent intense variability in biomass levels between 2006 and 2012. SBD varied greatly over the whole observation period, and showed no clear change tendency (Figure 6c) . Simultaneously, gradual SL prolongation was observed (Figure 6d ). Drought ingress in 2003 was aligned with sooner SBD and longer growing season. Figure 3 ). Significance of class-dependent year-to-year differences was assessed with ANOVA model and is given in Table B4 .
Influence of biophysical factors on forest phenology and green biomass production within the 3nNDVI class 3 drought response was moderate. Stands placed at 1400-2100 m a.s.l. showed higher CF with greater inter-annual variability (Figure 7) . In contrast, elevation-dependent differences in GPP were less distinct (but statistically significant, pairwise comparison, p < 0.005). Drought ingress in 2003 clearly spurred CF and GPP at higher elevations. Vegetation onset within forest growing below 1400 m a.s.l. occurred significantly sooner than SBD at higher altitudes (pairwise comparison, p < 0.001), which contrasted with longer SL observed at higher elevations.
Relation between exposition and forest status within regions subjected to NDVI decrease was complex ( Figure 7) . North slopes showed the greatest CF increase in 2003 and the highest overall seasonal production, but revealed a clear GPP decline after 2003. West-exposed stands had, in general, the highest GPP coupled with the lowest CF, as well as the smallest productivity gains associated with the ingress of drought conditions in 2003. Differences in vegetation onset analyzed among aspect classes showed strong inter-annual variability with no clear mutual relations. Season length also varied greatly among expositions, and its relation to SBD was not clear.
Inclination was found to have limited impact on shaping forest response to drought conditions, and relevant results are presented in Appendix B.1. Analysis of drought response being a function of forest type was not performed due to the insufficient number of pixels associated with broadleaved and mixed stands ( Table 2 ). Figure 3 ). Significance of class-dependent year-to-year differences was assessed with ANOVA model and is given in Table A4 .
Inclination was found to have limited impact on shaping forest response to drought conditions, and relevant results are presented in Appendix B.1. Analysis of drought response being a function of forest type was not performed due to the insufficient number of pixels associated with broadleaved and mixed stands ( Table 2 ). Forest stands associated with the 3nNDVI class 1, and fostering an initial drop of canopy 'greenness' in 2003 followed by a long-term increase in photosynthetic activity showed high CF with an overal upturn tendency (Figure 6a ). This response was paired with gradually increasing GPP (Figure 6b ). Remarkably, both biomass production measures declined in 2003. Vegetation onset occurred here on average 19.6 days later comparing with regions recognized through the 3nNDVI class 3 response, and revealed a clear shift towards earlier SBD (Figure 6c ). In contrast, SL showed no long-term trends and was roughly 32.6 days longer than observed within the impact class 3 (Figure 6d ).
Forest phenology and green biomass production associated with the overall NDVI increase was further shaped by local environmental conditions. Coniferous forest reported here clearly higher CF with lower annual biomass integral (Figure 8 Aspect factor governed linear diversification between forest phenology and green biomass production, where all expositions followed alike, index-dependent temporal variability (Figure 8 ). The highest CF was observed at north-facing slopes, where also an increase in green biomass production was reported in 2003. GPP showed a clear disparity between south-west and north-east exposed sites, with the former having higher productivity yield. Small exposition-specific differences in SBD were observed only before 2007. Diversification among aspects was also very limited for SL.
Role of inclination on forest phenology and green biomass production within areas rendering NDVI incline is synthesized in Appendix B.1. Forest stands associated with the 3nNDVI class 1, and fostering an initial drop of canopy 'greenness' in 2003 followed by a long-term increase in photosynthetic activity showed high CF with an overal upturn tendency (Figure 6a ). This response was paired with gradually increasing GPP (Figure 6b ). Remarkably, both biomass production measures declined in 2003. Vegetation onset occurred here on average 19.6 days later comparing with regions recognized through the 3nNDVI class 3 response, and revealed a clear shift towards earlier SBD (Figure 6c ). In contrast, SL showed no long-term trends and was roughly 32.6 days longer than observed within the impact class 3 (Figure 6d ).
Role of inclination on forest phenology and green biomass production within areas rendering NDVI incline is synthesized in Appendix B.1. 
Discussion
Meteorological Drought Conditions and Forest Temporal Response
The 2001-2012 meteorological drought conditions in South Tyrol were characterized by two temporal patterns: (i) 2003-2007 mild to extreme persistent drought event depicted in the 1scPDSI PC; and (ii) gradual scPDSI decline captured in the 3scPDSI and 4scPDSI scores. Both were in strong accordance with local events as well as Pan-European meteorological conditions [60, 69] .
Principal components representing dominant temporal variability of forest canopy were evaluated against recognized meteorological conditions, which proved them to have relevant physical meaning. [28, 70] , trees species characteristics and adaptation strategies [71, 72] , as well as local tree competition [14, 22, 27, 34] .
The regional drying tendency was rendered in the downturn of photosynthesis activity captured in the 3nNDVI PC (class 3). This subtle trend is supported by the long-term climate transformation suggested by [8] . Moreover, the perceived decline is further enhanced by the abrupt NDVI increase in 2003. This gain can be explained by enhanced productivity triggered by the 2003 Pan-European heatwave [73] . The reversed interpretation of the 3nNDVI PC (class 1) indicated the gradual 'greenness' upturn initiated with the massive NDVI decline, which can be explained as drought triggered wilting, or even dieback followed by a subsequent re-growth of better adjusted vegetation [14] . Such phenomenon has been already observed in South Tyrol [16] . Interestingly, some forest stands reported also NDII7 increase, which could be supported by findings of [74] .
The presented approach based on statistical PCA decomposition does not distinguish between the cause of changes in the remotely-sensed time series, therefore treats alike stress and disturbance related signal. To our knowledge, South Tyrol has not been affected between 2001 and 2013 by any 
Discussion
Meteorological Drought Conditions and Forest Temporal Response
The presented approach based on statistical PCA decomposition does not distinguish between the cause of changes in the remotely-sensed time series, therefore treats alike stress and disturbance related signal. To our knowledge, South Tyrol has not been affected between 2001 and 2013 by any major forest disturbance event, such as forest fires or wind throws, that might impact PCA results. Local events are rather unlike to affect the leading variability and are depicted in the PCs of the higher order, which have not been discussed here. [55] . The contrasting response depicting increased canopy water content and enclosed in the 4nNDII7 class 1 indicated Norway Spruce stands with additional share of Downy Oak and Common Beech trees that frequently grew on silt and carbonate soils [55] . Higher share of broadleaved trees, as well as better soils could explain increase in foliage water content, and higher forest productivity observed within the 4nNDII7 drought impact class 1. Detailed analyses supported by additional data are however essential to fully comprehend those results.
Alpine Forest
The drought ingress in 2003 affected alike phenology and production within both inspected 4nNDII7 impact classes. Short-lived GPP and CF increases observed in 2003 are in line with [27] and could be explained not only by the earlier SBD and longer SL, but also intensified vegetation growth at higher altitudes, which is normally constrained by the temperature gradient [73, 75] . Extended dryness led however to divergence in CF values within both impact classes, which can be related to site-specific differences and environmental conditions such as soil structure, and forest species distribution [28, 33, 74, 76] . Although areas showing depleted NDII7 (class 3) were mostly detected in the Vinschgau Valley, which is the driest region of South Tyrol, expected higher drought adjustment of trees shown by [77] was not observed. Conversely, 2003-2010 GPP downturn depicts a decline in status of the coniferous mountain forest. It is feasible that longer or more intense drought event(s) could exceed adaptation and mitigation abilities of some forest communities and lead to local diebacks [12, 78] .
Interestingly, longer SL after 2003 was coupled for class 3 with delayed SBD between 2004 and 2008. This could potentially be governed by a relation between Norway Spruce growth and summer temperature conditions during the previous vegetation season [33] . However, an exact link between drought conditions and phenology has still to be made [79] . Considerably longer vegetation season noted for class 1 potentially results from different climatic conditions between the western and central-eastern parts of South Tyrol, and further affects aforementioned productivity differences between two considered impact areas.
Changes in Foliage Photosynthetic Activity (3nNDVI)
Declining forest 'greenness' was the most common within Norway Spruce mountain forest [55] growing in majority at north-exposed slopes (Table 2) . Although Norway Spruce has moderate drought tolerance, which is especially clear at lower altitudes [80] , high elevation and shaded locations could partly mitigate impact of the arising drought stress [27] . Moreover, beneficial effect of released temperature gradient constrain, led to productivity increase in 2003 [73] . The following years showed however CF and GPP decline, which is in line with findings of [81] who indicated that forest drought response at mesic sites can be stronger than at xeric locations. Furthermore, due to shallow root system as well as poor soils and rocky bedrock present at high elevations, Norway Spruce is susceptible to elevated temperature and depleted soil moisture [33] . Despite GPP decline, the overall CF upturn was observed. This decoupled response could be partly explained by longer SL, and accelerated biomass production of hardwood vegetation present within the area.
Increase in canopy photosynthetic activity rendered in the 3nNDVI class 1, was observed within stands dominated by Downy Oak, Sessile Oak, Hop Hornbeam, Sweet Chestnut, Manna Ask and Common Beach trees, with Scots Pine in dry and hot locations, as well as Norway Spruce on higher and shaded spots [55] . Most of these stands grows at lower altitudes that are more prone to temperature increase and rain shortfall [82] . Furthermore woodland in question is often located on endemic, poor silicate soils, which cannot mitigate arid conditions. Consequently, the observed overall productivity increase and earlier vegetation onset tendency suggest an upturn in hardwood trees status resulting from better adjustment to drought conditions [14, 76] . Local observations and documented Scots Pine dieback in the Eisack Valley [16] demonstrated drought triggered change in competition between coniferous and broadleaved trees, where hardwood understory species such as Downy Oak and Hop Hornbeam replaced evergreen trees withered after the 2003 heat-wave. Alike transitions were observed in other alpine valleys (e.g., [14, 22, 70] ) and are often attributed on climate change [83, 84] . The observed tendency towards the earlier vegetation onset is in line with other studies [12, 85, 86] .
Drought Impact under Different Biophysical Conditions
Forest phenology and green biomass production is related to site-specific environmental characteristics. This relation was further shaped by drought conditions. Elevation had the most important influence on diversification of forest growth during the discussed meteorological stress. The impact of altitude varied between locations and drought impact classes. Although [87] demonstrated Pan-European forest productivity decline in 2003, our study revealed GPP and CF drop only for stands growing below 1400 m a.s.l. within the 3nNDVI class 1 response. Forest at higher elevations showed GPP and CF increases in 2003, which for some location was noted also in 2004. Furthermore, the 3nNDVI class 3 indicated the productivity gain already at 700 m a.s.l. Abovementioned discrepancy from [87] could arise from higher spatial resolution of data used in our study. Moreover, our findings agree with demonstrated by [80] diverse effect of altitude on different tree species under heat wave conditions, as well as productivity increase observed at higher elevations due to drought-released temperature gradient [73, 75, 82] . The shift towards earlier SBD showed for some stands growing below 1400 m a.s.l. (3nNDVI class 1 and 4nNDII7 class 3), possibly reflects climate alternation towards warmer and dryer conditions [84] , which is particularly vivid at lower altitudes [82] . Finally, the counterintuitive relation between elevation and CF could be explained by larch trees, as well as canopy openings, both being more frequent towards the upper tree line. Remarkably, the upturn in seasonal productivity was not coupled with prolongation of vegetation season.
Drought impact on forest green biomass production and phenology showed moderate diversification in relation to exposition. In most of the cases, all aspect classes followed alike, index-specific temporal variability and revealed only minor drought-induced differences. Disparities in forest status among aspects originate presumably from species distribution and exposition governed water scarcity [27, 28] , which explains enhanced inter-exposition variation under drought stress conditions. Since [88] showed SBD to be controlled by temperature rather than precipitation, as well as highlighted influence of photoperiod on growth and competitive strategies of various tree species, we assumed the observed SBD and SL differences emerged from stand composition and site-specific adaptations to drought (e.g., [75, 89] ). Although this presumption is supported by the observed CF variability, it should be further confirmed by local surveys, and in the case of SL additional inspection of drought induced earlier senescence.
The analysis of forest type specific response to drought was limited to the 3nNDVI class 1 footprint. The sooner vegetation onset in 2003 observed within coniferous stands is supported by results of [88] , additionally enhanced by the released temperature gradient [73, 82] . Following the horizontal distribution of vegetation belts, mixed forests are located at lower altitudes, which subjects them to more intense drought impact [82, 90] . Consequently, despite hardwood species being better adjusted to drought [14, 76] the 2003 CF decline in mixed stands suggests that trees mitigation abilities were exceeded. Persistent stress conditions during the following years evidently enforced aridity adaptation strategies (for example an increase in root biomass [89] ), leading to rise of forest green biomass production. Higher CF reported interestingly for coniferous stands, not mixed stands, could result from forest openings or extended larch presence. This phenomenon should be inspected further.
Since inclination governs water discharge and soil formation processes, an apparent relation between steepness increase and deterioration of forest productivity was expected. The presented results not always supported this assumption, demonstrating very complex and often irregular and counterintuitive variability. This inconsistency could be attributed on complex and elevation independent allocation of slope classes, where one inclination strata comprises variety of climate-vegetation-soil horizontal belts.
The greatest phenology and productivity disparities among factors' levels were recognized usually between 2002 and 2007, which is under meteorological drought conditions. This observation confirms alternation of forest response to aridity in relation to local biotic (forest structure, density, competition [76] ) and abiotic (elevation, slope, exposition, soil [14, 81] ) qualities.
Conclusions
In this paper we present analysis of impact of short-to medium-term meteorological drought on the alpine mountain forest of South Tyrol. The study provides temporal and spatial identification of drought induced changes, additionally exploring phenology and green biomass production variability within the affected forest ecosystem. Our results indicate complex and non-uniform drought impact within the region, where forest response to aridity and elevated temperature is principally governed by location, local environmental conditions and forest structure.
Identified meteorological variability highlighted mild to extreme drought conditions between 2003 and 2007, as well as increasing aridity of the local climate. Both patterns are in good accordance with other studies. Despite considerably arid meteorological conditions in the region, decline in status of the alpine mountain forest was only localized. Furthermore, phenological activity and biomass production of some stands enhanced along with drought development. Elevation was recognized to have the leading role in shaping forest response to drought. A distinction between stands growing below and above 1400 m a.s.l. was made, where the latter showed productivity increment in response to temperature increase in 2003. Aspect-specific differences in forest drought response were more entangled and largely dependent on considered drought evolution pattern. Although forest type was expected to have the greatest effect on forest phenology and green biomass production during aridity conditions, insufficient representation of broadleaved and mixed stands hindered analyses. Since inclination showed vague relation to forest status, we put into question aptness of analyzing this factor at 250 m resolution. Perceived changes in forest phenology and green biomass production were coincided with other studies on drought response in the alpine ecosystem.
The results accentuate different vegetation related information fostered in the NDVI and NDII7 time series. While forest foliage water content approximated by NDII7 better followed apparent meteorological conditions, trees photosynthetic activity assessed through NDVI, stronger related to more subtle patterns. The diverse focus of both indices suggests their further synergetic use for comprehensive analysis of forest ecological dynamics.
Despite complexity of the area, our analysis provided valuable insight into forest growth diversity under drought conditions. Although some identified tendencies support climate change projections and vegetation transformation trends [12] , our results are in itself a no solid evidence for alternation of the local climate, and arising vegetation response. Further analyses should be carried out in order to answer this burning question.
We believe our study sheds a new light on the critical aspect of drought impact on ecological dynamics within complex alpine forest. Prospective synergy with additional datasets, including CO 2 fluxes and local dendrochronological analyses; an extensive inspection of mutual combination of factors and factors' classes, as well as an extension of available time series combined with downscaling of NDVI and NDII7 datasets, will significantly enhance our understanding of forest growth under stress and allow to further improve climate-change modeling and carbon-sink efficiency analyses.
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Appendix A Table A1 . Overall significance of differences in 2002-2012 phenology and green biomass production observed within the spatial representation of the 4nNDII7 PC, considered without and with stratification into drought impact classes (3 levels). Inclination had limited impact on forest phenology and green biomass production within stands depicted in the 4nNDII7 drought impact class 3 ( Figure A1 ). All slope levels followed alike temporal variability, with the first inclination class reporting the lowest green biomass production, but the greatest CF increase in 2003. Those areas showed also the biggest CF and GPP variability over time. No apparent, statistically significant relation was recognized between inclination and season length, nor vegetation onset. Table A1 .
While inspecting the 4nNDII7 drought impact class 1, inclination showed no clear relation to phenology and green biomass production ( Figure A2 ). In most of the cases, all slope classes followed alike temporal behavior and indicated no straightforward relation to steepness. Only for CF a decline in productivity was suggested for areas with sloping exceeding 30 degrees. No slope-governed diversification in phenology and green biomass production under drought conditions was observed for any of the considered measures. Table A1 . Table B1 . Overall significance of differences in 2002-2012 phenology and green biomass production observed within the spatial representation of the 3nNDVI PC, considered without and with stratification into drought impact classes (3 levels). Abbreviations correspond with Table A1 .
Appendix B
While inspecting the 4nNDII7 drought impact class 1, inclination showed no clear relation to phenology and green biomass production ( Figure A2 ). In most of the cases, all slope classes followed alike temporal behavior and indicated no straightforward relation to steepness. Only for CF a decline in productivity was suggested for areas with sloping exceeding 30 degrees. No slope-governed diversification in phenology and green biomass production under drought conditions was observed for any of the considered measures. Table A1 .
Appendix B Table A3 . Overall significance of differences in 2002-2012 phenology and green biomass production observed within the spatial representation of the 3nNDVI PC, considered without and with stratification into drought impact classes (3 levels). Abbreviations correspond with Table A1 . Appendix B.1 Changes in Forest Canopy Photosynthetic Activity-3nNDVI PC Inclination had limited effect on shaping forest response to drought conditions recognized with the 3nNDVI PC impact class 3 ( Figure A3 ). All slope classes followed alike CF temporal development, with the highest seasonal production reported for locations with sloping exceeding 30 degrees. GPP and SBD year-to-year variability was strong, with the highest range of changes observed for two zones with the lowest inclination. No clear relation between SBD and SL was observed. Season length was unrelated to inclination change. Inclination had limited effect on shaping forest response to drought conditions recognized with the 3nNDVI PC impact class 3 ( Figure B1 ). All slope classes followed alike CF temporal development, with the highest seasonal production reported for locations with sloping exceeding 30 degrees. GPP and SBD year-to-year variability was strong, with the highest range of changes observed for two zones with the lowest inclination. No clear relation between SBD and SL was observed. Season length was unrelated to inclination change. Table A1 .
Inclination shaped forest phenology and green biomass production, but had no dominant effect on forest response to long-term NDVI changes. A relation between slope and vegetation condition was nonlinear within the 3nNDVI impact class 1 ( Figure B2 ). The first inclination class (0-10 deg.) showed the highest GPP, the earliest SBD and the longest SL. Areas with leaning between 30 and 40 degrees were in perfect opposition to this response. The greatest diversification among inclinations was observed for SBD where a 2002-2005 tendency towards earlier SBD was depicted within the first inclination class. Table A1 .
Inclination shaped forest phenology and green biomass production, but had no dominant effect on forest response to long-term NDVI changes. A relation between slope and vegetation condition was nonlinear within the 3nNDVI impact class 1 ( Figure A4 ). The first inclination class (0-10 deg.) showed the highest GPP, the earliest SBD and the longest SL. Areas with leaning between 30 and 40 degrees were in perfect opposition to this response. The greatest diversification among inclinations was observed for SBD where a 2002-2005 tendency towards earlier SBD was depicted within the first inclination class. Table A1 .
